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Microtubules (MTs) are cytoskeletal polymers that
undergo dynamic instability, the stochastic transition
between growth and shrinkage phases. MT dy-
namics are required for diverse cellular processes
and, while intrinsic to tubulin, are highly regulated.
However, little is known about how MT dynamics
facilitate or are regulated by tissue biogenesis and
differentiation. We imaged MT dynamics in a smooth
muscle-like lineage in intact developing Caenorhab-
ditis elegans. All aspects of MT dynamics change
significantly as stem-like precursors exit mitosis
and, secondarily, as they differentiate. We found
that suppression, but not enhancement, of dynamics
perturbs differentiated muscle function in vivo.
Distinct ensembles of MT-associated proteins are
specifically required for tissue biogenesis versus tis-
sue function. A CLASP family MT stabilizer and the
depolymerizing kinesin MCAK are differentially
required for MT dynamics in the precursor or differ-
entiated cells, respectively. All of these multidimen-
sional phenotypic comparisons were facilitated by
a data display method called the diamond graph.
INTRODUCTION
Microtubules (MTs) are cytoskeletal filaments composed of an
assembly of a/b-tubulin heterodimers. MTs can rapidly and
stochastically alternate between polymerization and depolymer-
ization, a process called dynamic instability (Mitchison and
Kirschner, 1984). The dynamic properties of a MT can be sum-
marized by the rates of growth and shortening, and the fre-
quencies of alternation between these two states (catastrophe
and rescue), as well as the time spent neither growing nor shrink-
ing (in pause) (Desai and Mitchison, 1997; Gardner et al., 2013).
Dynamic instability is required for the plasticity and diversity of
cellular organization (de Forges et al., 2012). Accordingly, theDevevalues of dynamics parameters vary among cell types (Wads-
worth and McGrail, 1990).
MT dynamics are collectively impacted by the constituent
tubulin isotypes (Panda et al., 1994), the numerous posttransla-
tional modifications of tubulin (Janke and Bulinski, 2011), and,
finally, by a myriad of MT-associated proteins (MAPs) and
molecular motors (Heald and Nogales, 2002; van der Vaart
et al., 2009) that can affect MT stability and organization.
In vitro models of cell differentiation have highlighted that
some MT network components (isotypes, posttranslational
modifications, MAPs) vary among cell types and during differen-
tiation. The levels of certain modifications, such as acetylation
and detyrosination, increase during differentiation of muscles
and neurons, respectively (Bulinski and Gundersen, 1991; Gun-
dersen et al., 1989; Lim et al., 1989). Cell differentiation is often
accompanied by selective expression of certain MAPs; for
example, the MT stabilizers tau and MAP2 are specifically ex-
pressed and targeted to MT subpopulations during neuronal dif-
ferentiation (Cassimeris and Spittle, 2001; Haque et al., 2004). In
summary, the MT cytoskeleton in a given context has molecular,
posttranslational, and dynamics signatures, depending on the
cell type and function.
Changes of cell size, shape, and function occurring during tis-
sue expansion and cell differentiation involve alterations of inter-
cellular and intracellular communication, remodeling of organelle
morphology, and other aspects of cell mechanics and architec-
ture. MTs are important regulators of all these processes (Desai
and Mitchison, 1997; Fletcher and Mullins, 2010) and are thus
prominently implicated in differentiation and tissue biogenesis.
MT dynamics and regulation have primarily been character-
ized using cultured cells, zygotes, unicellular organisms,
Xenopus egg extracts, and MTs reconstituted from purified
mammalian brain tubulin. While each of these systems offers
distinct and powerful advantages, none recapitulates tissue
biogenesis and cell differentiation in vivo.
Characterizing cell biological behaviors in situ is motivated by
the observation that the MT growth rate in mouse muscle fibers
is different depending on whether the cells are plated on cover-
slips or visualized by intravital imaging (Oddoux et al., 2013).
Some aspects of MT dynamics and reorganization have been
observed during tissue biogenesis in vivo, including tracheallopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 203
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Microtubule Dynamics in a Developing Animalmorphogenesis in Drosophila (Brodu et al., 2010), cell migration
and axonogenesis in zebrafish (Distel et al., 2010; Yoo et al.,
2012), and neuronal morphogenesis in the fruit fly, nematode,
zebrafish, and mouse (for review, see Sakakibara et al., 2013).
Collectively, these studies describe a central role of MTs in
organelle dynamics and cellular organization during tissue
biogenesis. However, it is poorly understood how and when
the dynamic properties are modulated by differentiation and,
conversely, how modulation of MT dynamics drives differen-
tiation. Thus, investigating MT regulation in vivo in a tissue
context is important in identifying and understanding the physi-
ologically relevant mechanisms that regulate MT dynamics dur-
ing development.
The nematode Caenorhabditis elegans is a powerful system
for developmental biology due to its simple body plan and
invariant development. Organogenesis of the C. elegans egg-
laying apparatus is well characterized and comprises a small
circuit of interacting neurons and epithelial and muscle cells
(Sharma-Kishore et al., 1999; Thomas et al., 1990). Egg-laying
apparatus biogenesis includes the sex myoblast (SM) lineage,
which transforms from a pair of stem-like spheroid myoblasts
into several large smooth muscle-like cells over the course of
24 hr of postembryonic development (Sulston and Horvitz,
1977).
We developed amodel system to studyMT dynamics over the
course of postembryonic development in an intact living organ-
ism by driving expression of GFP-tagged tubulin in specific cells
of the C. elegans egg-laying apparatus. As SM lineage cells exit
mitosis and differentiate, MTs grow and shrink faster and more
persistently than in the precursor cells. Interestingly, the changes
in the four major dynamics parameters over the course of differ-
entiation do not occur simultaneously; rescue frequency shifts
earlier than all other parameters. To define the molecular mech-
anisms ofMT regulation underlying the dynamics differences be-
tween a developing tissue and its fully developed counterpart,
we performed stage-specific RNA interference (RNAi) to deplete
a panel of conserved MAPs and first scored brood size to deter-
mine their effect on either tissue biogenesis or tissue function.
Perturbing egg laying did not result in a particular MT dynamics
‘‘signature,’’ but in general, dynamics were decreased in these
conditions, indicating that high-magnitude dynamics are impor-
tant during muscle cell differentiation and function. Finally, we
correlated tissue-level phenotype with the alteration of MT dy-
namics for two MAPs with opposing functions, CLS-1CLASP
and KLP-7MCAK, and that also appear to act specifically in pre-
cursor cells and the differentiated tissue, respectively. Together,
our work comprises the characterization of the evolution of all
aspects of MT dynamics throughout cell differentiation in an
intact tissue where we reveal parameters of change in MTs
and specific MAPs that are required for development versus
function of a differentiated cell.
RESULTS
MT Network Architecture and Dynamics Change
throughout Differentiation of a Single Cell Lineage
In Situ
To measure and follow MT dynamics in an intact animal
during differentiation and tissue biogenesis, we generated a204 Developmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier IC. elegans strain that expresses GFP-tagged b-tubulin in spe-
cific lineages of the egg-laying apparatus (Figures 1A and 1B;
Supplemental Experimental Procedures and Figure S1 available
online). We used swept-field confocal imaging of intact worms to
acquire high-resolution time-lapse movies of the precursor cell
(SM; Figure 1B; Movie S1) and the terminally differentiated uter-
ine muscle cells (UMCs; Figure 1B; Movies S2 and S3) of the SM
lineage. The SM is ellipsoidal with its major axis anteroposterior.
The UMCs are nonstriated muscles similar to vertebrate smooth
muscle cells and are involved in egg laying (Trent et al., 1983). In
both, MTs grew centrifugally in an apparently noncentrosomal
array. In the UMC cell bodies near the vulva on the ventral side
of the worm, MTs grew centrifugally with apparently random
orientation (Figure 1C and Movie S2). UMCs extend dorsally to
surround the uterine cavity (Figures 1A and S3). In the dorsal
flattened extensions of UMC, MTs were all oriented in the
ventral-to-dorsal direction with their plus ends toward the dorsal
cell periphery (Figures 1B and S3; Movie S4). In general, UMC
MT organization was similar to that of isolated mammalian
vascular smooth muscle cells in two-dimensional (2D) culture
(Zhang et al., 2000).
We measured dynamics parameters from kymographs gener-
ated from 2D time-lapsemovies (Figure 1D; Experimental Proce-
dures). All dynamics parameters differed significantly between
SM precursor and the fully differentiated UMCs (Figures 1E
and 1F; Table 1). MTs in the SM underwent catastrophe and
rescue more frequently, whereas MTs in the UMCs grew and
shrunk more persistently and had higher growth and shrinkage
rates than in the precursor cell (Table 1). In both the SM and
UMCs, MTs almost constantly grew or shrunk; transient pausing
at the cell periphery was rare and only seen in UMCs (Figures 6A
and 6B). Another distinction of differentiated UMCs, as com-
pared with SMs, was the presence of bundled MTs (Figures 6C
and S1). MTs growing on a preexisting MT (‘‘on-track’’ MTs)
grew significantly faster than isolated MTs (0.18 versus
0.12 mm/s; Table S1) and had a significantly higher catastrophe
frequency (0.067 versus 0.045 s1; Table S1).
To facilitate further comparison of dynamics parameters
among conditions and to visually summarize MT dynamics, we
generated four-axis plots (‘‘diamond graphs’’; Figure 1F and Fig-
ure S2). Diamond graphs display rates on the horizontal axes
(shrinkage, left; growth, right) and frequencies on the vertical
axes (catastrophe, down; rescue, up). The vertically elongated
shape of the precursor SMdiamond graph reflected high switch-
ing frequencies and low assembly/disassembly rates, compared
to more persistent assembly/disassembly of MTs in UMCs, illus-
trated by the horizontally elongated diamond graph (Figures 1F
and S2). Together, the significant differences in dynamics be-
tween SMs in UMC demonstrated that changes in regulation of
MT dynamics occur during the differentiation of precursor to
differentiated cells within the SM lineage.
Stepwise Regulation of MT Dynamics over the Course of
Mitotic Exit and Differentiation
During SM lineage development from SM to UMC, the eight
SM descendants exit mitosis and initiate the elongation process
during differentiation (Figure 2A; Figure S1). To determine when,
over the course of this differentiation program, MT dynamics are
altered, we measured dynamics parameters at an intermediatenc.
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Figure 1. Microtubule Dynamics Are Modulated throughout Cell Differentiation of the SM Lineage in Intact C. elegans
(A) The SM lineage is followed during postembryonic development from L3 to adult. VPCs, vulval precursor cells.
(B) Egg-laying apparatus expressing GFP::tubulin in vulval cells and the SM lineage. Images are maximal intensity projection of 10 mm (L3) or 20 mm (adult).
(C) Magnified views of the MT cytoskeleton in the SM and the UMC.
(D) Representative kymographs of MTs in the SM and UMC.
(E) Scatterplots represent individual MT dynamics parameters of the precursor (SM, green) and differentiated cell (UMC, blue). **p < 0.001, unpaired t test. Error
bars represent SD.
(F) Average values for the four parameters used in the diamond graphs. MT dynamics in the SM and UMC are displayed and compared using jointly normalized
diamond graphs. The table represents the mean values in the diamond graphs. n (MTs)R 120; n (worms)% 10.
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Microtubule Dynamics in a Developing Animalstage after mitotic exit but before elongation. Growth rate and
catastrophe frequency (Figures 2B and 2C) significantly and
gradually changed from larval stage 3 (L3) to adult. Interestingly,
rescue frequency significantly dropped as cells exited mitosis to
a level similar to that measured in differentiated UMCs (Fig-
ure 2C). Thus, its regulation is an early event compared to thatDeveof other parameters. Conversely, depolymerization rate did not
significantly change between L3 and L4, indicating that its regu-
lation occurs later during development, likely in concert with cell
elongation. The independent regulation of a single parameter
(rescue frequency) has been observed in cultured cells treated
with okadaı¨c acid (Gliksman et al., 1992) and in interphase andlopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 205
Table 1. Dynamics Parameters in One SM, Eight SMs, Adult Stage of the SM Lineage, and following Perturbations of Cell
Differentiation
MT Dynamics Parameter
1 SM (L3 Stage) 8 SMs (L4 Stage) UMCs (Adult) lin-12(RNAi) hlh-8(RNAi)
Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n
Growth rate (mm/s) 0.13 0.004 79 0.15 0.005 356 0.17 0.004 275 0.13 0.003 274 0.19 0.005 221
Shrinking rate (mm/s) 0.63 0.06 75 0.54 0.02 312 0.93 0.03 230 0.35 0.02 234 0.46 0.01 210
Catastrophe (s1) 0.17 0.01 79 0.13 0.003 356 0.06 0.003 275 0.19 0.01 274 0.14 0.003 221
Rescue (s1) 0.35 0.03 75 0.25 0.01 312 0.28 0.01 230 0.26 0.01 234 0.16 0.005 210
The table summarizes the main dynamics parameters in control worms during development at larval stage L3 for the SMs, L4 for the SM descendants,
and adult stage for the UMCs. Dynamics was also measured in adult worms after inhibition of differentiation by LIN-12Notch or HLH-8Twist depletion, as
described in Figure 2. n, number of MTs tracked. n (worms per condition) > 10.
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Microtubule Dynamics in a Developing Animalmitotic Xenopus extracts (Belmont et al., 1990). The uncoupled
regulation of MT dynamics parameters suggests that specific
MAPs are selectively regulated at distinct steps of differentiation.
To test whether the differences between SM and UMCMT dy-
namics depend on differentiation state or cell size and shape, we
allowed expansion of the SM cells but blocked their differentia-
tion into UMCs (Figure 2A) via RNAi-mediated knockdown of
lin-12, a Notch family transmembrane receptor (Greenwald
et al., 1983; Newman et al., 1995), or hlh-8, a helix-loop-helix
protein homolog of the transcription factor Twist (Corsi et al.,
2000; Liu and Fire, 2000). LIN-12Notch protein is specifically
required for UMC differentiation but not divisions within the line-
age: the eight SM descendants were ellipsoidal, undifferenti-
ated, and smaller than the SM precursor (Figure 2A). As
observed in hlh-8 mutant worms (Corsi et al., 2000), HLH-8Twist
depletion also blocked differentiation of the SM lineage but
also inhibited SM divisions, resulting in four to six ellipsoidal un-
differentiated cells that were slightly larger than those of LIN-
12Notch depleted or control L4 worms (Figure 2A). The shapes
of the diamond graphs revealed that the relative magnitudes
of MT dynamics parameters in LIN-12Notch- and HLH-8Twist-
depleted cells were qualitatively similar to those of undifferenti-
ated SM descendants in L4s (Figure 2B). Generally, when
differentiation was blocked, all parameters except rescue fre-
quency were quantitatively more similar to those of the SM pre-
cursor or its undifferentiated descendants than to values for the
UMC (Figure 2C; Table 1), indicating that changes of cell shape
and size during differentiation, rather than mitotic exit, induced
changes in dynamics. The exception to this trend was growth
rate in HLH-8Twist-depleted cells, which reached that of UMCs.
Since these cells are larger than the undifferentiated cells in other
conditions, the high growth rate could relate to scaling of MT
growth rate with cell size. Indeed, MT growth rates scale with
spindle size (Reber et al., 2013), which in turn scales with cell
volume (Good et al., 2013), suggesting a potential correlation be-
tweenMT growth rate and cell volume. Taken together, these re-
sults suggest that mitotic exit and differentiation induce selective
changes in MT dynamics.
Distinct Complements of MAPs Are Required for Tissue
Biogenesis versus Tissue Function
In cells, MT dynamics are collectively dictated by the relative
abundance and activity of the complete ensemble of MAPs.
The dramatic differences in MT dynamics between UMC and
SM suggested that distinct subsets of MAPs are selectively ex-206 Developmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Ipressed and regulated at these two developmental stages of
the SM lineage. We therefore first set out to define the distinct
subset of MAPs required at the precursor stage. MTs likely act
in a myriad of cellular events in the SM, including cell division
and other cell shape changes. No cell divisions during postem-
bryonic development are essential for animal viability (O’Connell
et al., 1998). However, SM divisions and the subsequent
morphogenetic events are required for egg laying. To affect
MTs as early as SM division and morphogenesis, we fed L1 syn-
chronized worms with bacterial strains expressing dsRNAs tar-
geting 63 conserved candidate MT regulators encoded in the
C. elegans genome (Figure 3A). As a proxy for SM cell function,
we first scored the ability of the worms to lay eggs (brood size).
Depletion of individual MAPs had variable effects on brood size
(Figure 3D, dark bars). These results are consistent with the idea
that many of these MAPs regulate cell division, differentiation,
and morphogenesis within the worm reproductive system.
To refine the list of MAPs potentially acting in the egg-laying
apparatus, we next explored the morphological basis for the
reduced brood size we observed. This could result from devel-
opmental arrest (Dev), vulval morphology defects (protruded
vulva; Pvl), sterility (Ste), or egg-laying defect alone (Egl). Pvl,
Ste, and Egl occurred in various combinations after depletion
of MAPs (Table S2). Developmental arrest and sterility do not
arise from defects in the SM lineage. Therefore, to define
MAPs acting in the SM lineage, we further considered only
depletions resulting in Pvl or Egl.
Pvl can result from defects in division of the precursor cells or
tissue morphogenesis, or in the environment of these cells
(Eisenmann and Kim, 2000; Kamath et al., 2003). However, the
reported Pvl phenotypes resulted from systemic RNAi. To deter-
mine which MAPs are specifically required cell autonomously
within the SM lineage, we generated an RNAi-insensitive mutant
strain (rde-1(ne219)) in which RNAi is restored specifically in the
egg-laying apparatus by driving the rde-1 gene by the unc-62
promoter (see Experimental Procedures). Of the 31 targets
inducing Pvl in systemic RNAi, 26 caused similar defects
following tissue-specific RNAi (Figure 4A), indicating that they
indeed affect MT function in the egg-laying tissue. The five nega-
tive hits are likely essential in other cells or may indirectly affect
the SM lineage. Thus, we have begun to define the conserved
MAPs important in this somatic lineage.
Depletion of MAPs beginning at L1 could affect the egg-laying
apparatus not only by perturbing the precursor cells during tis-
sue formation but also by affecting the function of differentiatednc.
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Figure 2. Selective Regulation of MT Dynamics Parameters during Differentiation
(A) Maximal intensity projections of z stacks of worms expressing GFP::tubulin. Schematic: SM (green) gives rise to eight SM daughter cells (dark blue) in L4 that
differentiate into VMCs (yellow) and UMCs (cyan). In lin-12Notch(RNAi) adults, the eight ‘‘SM-like’’ cells did not differentiate (gray). In hlh-8Twist(RNAi) adults, the SM
give rise to four to six SM descendants that do not differentiate (orange). Scale bar, 20 mm.
(B) Jointly normalized diamond graphs represent MT dynamics in each condition.
(C) Dashed curves represent evolution of dynamic parameters in SM lineage: SM precursor (green), eight SM daughter cells in L4 (dark blue), and fully differ-
entiated UMCs (cyan). lin-12(RNAi), gray; hlh-8(RNAi), orange. Error bars represent SEM; n.s. denotes p > 0.05 (unpaired t test). Unlabeledmeans are significantly
different, p < 0.01. n (worms) > 10, and n (MTs) > 220 for each data set.
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the complement of MAPs specifically required for function of
the egg-laying apparatus, we introduced dsRNA starting at L4,
after all SM lineage cell divisions and tissue morphogenesis
are completed (Figures 3B and 3D, gray bars).
Targets whose depletion from L1, but not from L4, had a
strong effect on egg laying likely act primarily in proliferative tis-
sue biogenesis (Figure 3D and Table S2; L1- versus L4-feeding
brood size). These targets included, as expected, proteins
involved in centrosome duplication and, thus, cell division (three
centrosomal proteins, SAS-3, SAS-4, and SAS-6; plus-end
binding proteins CLS-1CLASP and EBP-2EB1; and TPXL-1TPX2;
Table S2) (Espiritu et al., 2012; Kirkham et al., 2003; Leidel
et al., 2005; Rogers et al., 2002; Wittmann et al., 2000). The
milder effect resulting from depletion of the same proteins laterDevein development suggests that these proteins are largely
dispensable for egg-laying apparatus function. Conversely, tar-
gets inducing Egl, whether depleted before or after develop-
ment, are likely required for the function but not the biogenesis
of the egg-laying apparatus (Figure 3C; Table S2). Interestingly,
this category contains pairs of proteins with related functions.
These include KLP-7MCAK and KLP-13Kip3 (two MT-depolyme-
rizing kinesins with nonredundant but similar function; Gardner
et al., 2011); TTLL-12 and TTLL-15 (predicted tubulin polygluta-
mylases; Kimura et al., 2010); and CCPP-1 and CCPP-6,
carboxypeptidases, which perform the reverse modification,
deglutamylation (Kimura et al., 2010; Rogowski et al., 2010).
The latter four enzymes perform posttranslational modifications
of tubulin characteristic of differentiated cells (Janke and Bulin-
ski, 2011).lopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 207
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D
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Figure 3. Distinct Complements of MAPs Are Required for Biogenesis versus Function of the Egg-Laying Apparatus
(A andB) In (A), for L1 feeding, bacteria expressing dsRNAswere fed toworms synchronized at the L1 stage by starvation. (B) For L4 feeding, worms synchronized
at L1 as described earlier were grown on normal growthmedium until the L4, when tissue biogenesis of the egg-laying apparatus is complete. For both (A) and (B),
phenotypes were scored at adult stage using a stereoscope.
(C) Example differential interference contrast (DIC) images of the tissue-scale scored phenotypes. Scale bars, 20 mm. tba-6, a-tubulin isoform (F32H2.9); tbb-1,
b-tubulin isoform (K01G5.7); dhc-1, dynein heavy chain (T21E12.4); ccpp-6, cytosolic carboxy-peptidase protein 6 (EEED8.6).
(D) Histogram displays number of eggs laid per worm for each RNAi condition. Error bars represent SD; n (worms per experiment) = 3; n (experiments) = 2. Area
below the dashed line indicates significant reduction compared to control (p < 0.001).
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Figure 4. Pvl Phenotype Is Induced by Tissue/Cell-Autonomous Defects
(A) Comparison of Pvl following systemic RNAi (gray) versus tissue-specific RNAi (orange) targeting MAPs (L1 feeding). Asterisk indicates Pvl.
(B) Control worm (left) and cls-1CLASP(RNAi) Pvl worm (right). DIC image (top) and maximal intensity projection of confocal z stack (bottom) in GFP::tubulin-
expressing worms. Scale bar, 20 mm.
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essential regulators of tissue expansion andmorphogenesis and
(2) those acting in differentiated cells. Thus, we have started to
reveal the temporal and selective requirement of conserved
MT regulator in the SM lineage that may contribute to the differ-
ences in dynamics between precursor and differentiated cells.
Conserved Depolymerizing Kinesins, Tubulin-Modifying
Enzymes, and a Tubulin Isoform Are Required in the
Uterine Muscles for Egg Laying
The Egl effects reported earlier resulted from systemic RNAi,
whereas egg laying relies on specific cell types, including the 16
SM lineage cells (the UMCs and the vulval muscle cells [VMCs]),
8 hermaphrodite-specific neurons (White et al., 1986), and 22
vulval cells, as well as the proper formation of the uterine-vulval
connection and germline development. To determine which
MAPs are specifically required cell autonomously within the SM
lineage foregg laying,weperformed tissue-specificRNAias intro-
duced earlier. We measured egg laying following tissue-specific
depletion of the seven targets that inducedEgl following systemic
RNAi. Tissue-specific RNAi of five of these MAPs induced Egl
(Figure 5A; KLP-7, KLP-13, CCPP-6, TTLL-15, and TBB-5), con-
firming that theyact in egg laying via a role in thenonneuronal cells
of the egg-laying apparatus. Only depletion of CCPP-1 did not
induce Egl following tissue-specific RNAi, indicating that it acts
elsewhere in the egg-laying apparatus, such as in the neurons.
To confirm that SM-specific MAP depletion causes Egl
because of muscle dysfunction, we pharmacologically stimu-
lated egg-laying function with imipramine and serotonin.
Exogenous serotonin restores egg laying when the hermaphro-
dite-specific neurons that induce VMCs and UMCs contraction
are defective or absent (Desai and Horvitz, 1989; Trent et al.,
1983). Imipramine stimulates egg laying by inhibiting reuptake
of serotonin released by functional neurons (Desai and Horvitz,
1989). Restoration of egg laying in Egl worms by serotonin re-
veals that the muscles are functional; a response to imipramine
indicates that neurons and muscles are functional. Egl worms
not responding to either drug likely have nonfunctional muscles
(Figure 5C). Egl worms that respond to both drugs are rare and
likely bear defects in an as-yet-unknown component of the
egg-laying apparatus (Desai and Horvitz, 1989; Trent et al.,
1983; Weinshenker et al., 1995).DeveIn agreement with our results mentioned earlier that tissue-
specific ccpp-1(RNAi) did not induce Egl (Figure 5A), ccpp-
1(RNAi) worms significantly responded to serotonin (Figure 5B),
further indicating that CCPP-1 depletion does not affect muscle
function. Egg laying in ttll-12(RNAi) worms was not significantly
affected by tissue-specific RNAi, indicating that the Egl
observed in systemic RNAi strain was not due to a defect in
the egg-laying apparatus (Figure 5A). However, these worms
failed to respond to imipramine and serotonin (Figure 5B), indi-
cating that both the neurons and muscles were dysfunctional.
All other Egl worms tested failed to respond to both drugs,
demonstrating that CCPP-6, KLP-7, KLP-13, TBB-5, and
TTLL-15 are required in UMCs for proper egg laying (Figures
5B and 5C). Collectively, these results suggest that UMC func-
tion requires MT dynamics regulated at at least three levels
(tubulin isoform, tubulin posttranslational modification, and MT
dynamics regulation by MAPs).
MT Dynamics Are Dampened in Dysfunctional Uterine
Muscles
To test whether UMC egg-laying dysfunction correlates with
alteration of MT dynamics, we analyzed MT dynamics in UMCs
after depletion of MAPs inducing Egl (Figure 5D; Table S3). The
depletions that affect muscle functions each caused different
modifications of dynamic parameters, but all had reduced global
MT dynamics (smaller diamond graphs). In each condition that
resulted in Egl, at least two parameters were significantly
reduced. These depletions inducing Egl did not dramatically
change cellular morphology of the UMCs (Figure S3), supporting
the idea that the functional defects are caused in part by alter-
ations of MT dynamics in these cells rather than defects in tissue
morphogenesis. Interestingly, CCPP-1 and TTLL-12 depletions,
which did not affect muscle function, either had no effect or
significantly increased MT dynamics parameter values (Fig-
ure 5D; Table S3). These results suggest that proper UMC func-
tion requires highly dynamic MTs.
CLS-1CLASP and KLP-7MCAK Are Differentially Required
for MT Dynamics and Cell Function in the Precursor SM
and Differentiated UMC
Our RNAi screen, tissue-specific RNAi, and drug treatments
refined the list of candidates for selective MT regulation inlopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 209
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Figure 5. Selective Targeting of MT Dynamics in UMCs Affects Egg Laying
(A) Comparison of brood size after depletion of MAPs inducing Egl by systemic RNAi (gray) versus tissue-specific RNAi (orange). Asterisk on orange bar indicates
a 0.25-fold decrease in brood size compared to control worms. EGL-2, -3, -8, and -26 served as controls for Egl. EGL-2 and EGL-3 are positive controls for
response to imipramine or to both drugs, respectively (Desai and Horvitz, 1989). EGL-8 depletion affects the ability of muscles to respond to both drugs (Lackner
et al., 1999; Trent et al., 1983). EGL-26 is a positive control for Pvl and Egl with functional neurons (Hanna-Rose and Han, 2002). Error bars represent SEM.
(B) Number of eggs laid by Egl worms per hour in liquid culture after drug stimulation by imipramine (green) or serotonin (purple). Asterisk indicates significant
reduction, p < 0.0001 in one-way ANOVA. Gray bars indicate 24 hr brood size of these worms on a plate. Error bars represent SEM.
(C) Summary table and interpretation of results presented in (A) and (B).
(D) Individually normalized graphs representing dynamics parameters of UMCs in control and Egl worms. Cyan, control UMC; gray, Egl worms with functional
egg-laying muscles; red, Egl worms with nonfunctional egg-laying muscles. **p < 0.01; n.s., p > 0.05, unpaired t test.
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MAPs implicated specifically in tissue biogenesis or in tissue
function contribute to the differences in MT dynamics between
the SM and UMCs. We selected two targets based on three
criteria. First, they are expected to have opposite effects on
MT dynamics. CLS-1 is a conserved TOG domain containing
MAP that stabilizes MTs by promoting rescue (Al-Bassam
et al., 2010). KLP-7, the only knownC. elegans kinesin-13 (Siddi-
qui, 2002), is a homolog of mitotic centrosome-associated kine-
sin (MCAK), an MT-depolymerizing motor protein (Desai et al.,
1999; Gardner et al., 2011; Srayko et al., 2005; Walczak et al.,
1996). Also, they are both expressed in the SM lineage (Hill
et al., 2000; McKay et al., 2003). Lastly, the effects of their deple-
tion on brood size suggested that CLS-1CLASP and KLP-7MCAK
act preferentially during tissue biogenesis and tissue function,
respectively (Table S2).
CLS-1CLASP depletion specifically perturbed tissue biogen-
esis, as depletion early, but not late, affected egg laying and
perturbed vulval morphogenesis, resulting in Pvl following both
systemic and tissue-specific RNAi (Figure 4 and Table S2).
This early effect on egg laying was specific to somatic cells,
as germline expansion and gametogenesis were unaffected
(Figure 4B and Table S2). Conversely, KLP-7MCAK depletion
disrupted egg layingwhether it was initiated before or after tissue
biogenesis (Figure 3D; Table S2). Worms depleted of KLP-7MCAK
also failed to respond to serotonin (Figure 5B), and tissue-spe-
cific depletion also resulted in Egl (Figure 5A). Several published
findings also support the idea that MCAK plays an important role
in MT dynamics in differentiated cells (Ghosh-Roy et al., 2012;
Peris et al., 2009).
Analysis of MT dynamics in CLS-1CLASP-depleted SM cells re-
vealed a significant increase in shrinkage rate and catastrophe
frequency, in agreement with published activities of CLASPs
(Al-Bassam et al., 2010; Mimori-Kiyosue et al., 2005). The
strong increases in catastrophe frequency and shrinkage rate
collectively reflect MT destabilization. Interestingly, although
CLS-1CLASP depletion from SM strongly increases rescue fre-
quency and shrinkage rate, it did not affect these parameters
in UMCs. However, CLS-1CLASP depletion increased the
shrinkage rate specifically of bundledMTs in UMCs and reduced
the abundance of bundles (Figures 6C and 6D; Table S4), sug-
gesting that, like its homologs in yeast, flies, and mammals (Akh-
manova et al., 2001; Bratman and Chang, 2007; Mimori-Kiyosue
et al., 2005), CLS-1CLASP preferentially associates with and sta-
bilizes bundled MTs. Despite the effects on MT dynamics in
UMCs (Figure 6D), egg laying was quantitatively normal (Fig-
ure 3D and Table S2), demonstrating that UMCs are also robust
to some alterations of cytoskeletal dynamics. As shown earlier in
Figure 5D, this result also suggests that an increase in dynamics
is not necessarily deleterious for differentiated cells, while damp-
ened dynamics does correlate with cellular dysfunction.
We next measured MT dynamics in worms treated with klp-7
RNAi. As observed in cultured mammalian cells (Kline-Smith
and Walczak, 2002), catastrophe frequency was reduced
following depletion of KLP-7MCAK from UMCs. Growth and
shrinkage rates and catastrophe frequency were also signifi-
cantly reduced following KLP-7MCAK depletion from UMCs.
KLP-7MCAK depletion from UMCs caused prominent MT buck-
ling (Movie S5) and an increase in MT residence time at theDevecortex (10.02 ± 1.1 s versus 3.84 ± 0.2 s in controls; Figures 6A
and 6B). Although KLP-7MCAK depletion did not affect tissue
biogenesis, MT dynamics were quantitatively different in control
and KLP-7MCAK-depleted SM cells (Figure 6D and Table S4),
indicating that the cell fitness required for tissue biogenesis is
robust to some variation in dynamics, notably an increase in
growth rate and rescue frequency. Interestingly, KLP-7MCAK
depletion induces the opposite effect on growth rate and rescue
frequency in the SM versus UMCs, suggesting that differentia-
tion induces a distinct role or regulation of the same protein or
a change in the suite of MAPs that regulates a given dynamics
parameter. This inverse effect of the same depletion at two
different stages of the same lineage may help explain the
stage-specific phenotype observed in our screens.
Collectively, these results have begun to define the molecular
differences underlying the evolution of MT dynamics over the
course of differentiation in vivo.
DISCUSSION
The dynamic properties of MTs enable them to both adapt to and
promote morphological changes at the subcellular and cellular
levels. The large diversity of tubulin isotypes, posttranslational
modifications, and MAPs combine to generate seemingly infinite
possibilities of MT dynamics so that measurements from dif-
ferent cell types and contexts may not be generalizable, and
data from diverse cell types and divergent species will be neces-
sary for a thorough understanding of MT functions. Here, we
explored how MT dynamics are modified during cell differentia-
tion and tissuemorphogenesis of a somatic cell lineage within an
intact developing organism. Both molecular and dynamics sig-
natures change in a manner dependent on differentiation. In
addition, the modulation of the four major MT dynamics param-
eters is uncoupled, indicating that their regulation can be altered
independently.
The dynamics parameters of the SM lineage are within an
order of magnitude of those of other cell types and other species,
revealing a relative universality of MT dynamics among various
taxa and culture conditions. Interestingly, dynamics parameters
in the SM lineage are similar to those in the C. elegans zygote,
with the exception of growth rate, which is around three times
higher in the zygote (0.12 versus 0.4 mm/s) (Labbe´ et al.,
2003; Srayko et al., 2005). Catastrophe frequency in the SM
(0.18 s1) is relatively close to that of the mitotic zygote
(0.20 s1) and significantly higher than in UMCs (0.045 s1), indi-
cating that a decrease in catastrophe frequency occurs during
cell differentiation in C. elegans. The most divergent measure
in our study compared to the literature is the depolymerization
rate in UMCs, at 0.85 mm/s, lower only than that observed in
clarified Xenopus extract (Parsons and Salmon, 1997).
Published work suggested that the MT network must be
rapidly remodeled in mitotically active cells (Cassimeris et al.,
1988), whereas in differentiated cells, it is thought to bemore sta-
ble (Baas et al., 1991, 1993; Bre´ et al., 1991; Bulinski and Gun-
dersen, 1991; Lim et al., 1989; Schulze and Kirschner, 1987),
presumably to maintain cell integrity, compartmentalization, or
polarization. We were therefore surprised by the relatively high
dynamicity of MTs in differentiated UMCs, where MTs grow
persistently and are relatively long. This observation is, however,lopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 211
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Figure 6. Depletions of Two Conserved MAPs Selectively Affect MT Dynamics in a Stage-Dependent Manner
(A) Kymographs of MTs in the dorsal extension of UMCs in control worms and those depleted of CLS-1CLASP or KLP-7MCAK.
(B) The residence time of MTs at the cortex is displayed in the scatterplot. Error bars represent SEM; n > 30 MTs in six worms. **p < 0.01.
(C) Histogram: ratio of MTs growing in bundles compared with the total number of MTs observed. Error bars represent SEM; n > 30 MTs in six different
worms. **p < 0.01.
(D) Red diamond graphs ofMT dynamics in CLS-1CLASP- or KLP-7MCAK-depleted SMs andUMCs are superimposedwith the nondepleted controls (dashed lines).
Green, SM; cyan, total MT population in UMCs; and gray, dynamics of on-track or bundled MTs in UMCs. *p < 0.05; **p < 0.01; n.s., p > 0.05, unpaired t test.
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mouse skeletal muscles in vivo (Oddoux et al., 2013). The length
of MT filaments confers different physical properties, including
flexural rigidity (Li et al., 2006; Tounsi et al., 2010) and resistance
to compressive loads (Brangwynne et al., 2006), and the activity
of MAPs such as the depolymerizing kinesin Kip3 has been
shown to be dependent on MT length (Gardner et al., 2011).212 Developmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier IThe prominent MT bundling we observed in UMCs, together
with persistent growth and substantial length, may endow the
MT network with properties required for the function of particular
differentiated cells such as contractile cells.
Depletion of CLS-1CLASP and KLP-7MCAK as well as of MAPs
inducing Egl differentially affected MT dynamics at different
stages of development. Surprisingly, catastrophe frequencync.
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KLP-7MCAK depletion in UMCs (Figure 6D) and in Ptk2 cells
(Kline-Smith and Walczak, 2002) decreased catastrophe fre-
quency. Compared to mammalian cultured cells, the control
catastrophe frequency is very high in our system (0.15 ±
0.0068 versus 0.012 ± 0.0018 s1). Catastrophe frequency is
regulated by multiple other factors, including tubulin concentra-
tion (Erickson and O’Brien, 1992). It is possible that KLP-7MCAK
depletion from C. elegans SM-lineage cells increases polymer
mass and thus decreases tubulin concentration, resulting in
higher catastrophe frequency.
Our screens implicated sets of MAPs in the biogenesis versus
function of several tissues. Interestingly, depletion of some
MAPs specifically perturbed morphogenesis of somatic cells of
the egg-laying apparatus without blocking expansion and differ-
entiation of the germline (Pvl nonsterile; Table S2). Egg produc-
tion begins at the adult stage, but the formation of the somatic
gonad relies on cell divisions occurring at the L3 stage, at the
same time as the SM lineage divisions (Kipreos, 2005; Sulston
and Horvitz, 1977). This tissue-specific effect of RNAi suggests
that the protein requirements for cell division or early differentia-
tion are different in the somatic gonad versus muscle lineage.
Egg production also requires meiotic divisions and proliferation
of germline stem cells, which are the sole stem cells in adult
worms (Kimble and Hirsh, 1979; Seydoux and Schedl, 2001).
The concept that stem cells and somatic cells have distinct
molecular requirements for cell division has implications for
selective inhibition of cell proliferation by antimitotic cancer
chemotherapeutics.
VariousMT-binding anticancer agents block cell division by in-
hibiting MT dynamics but also lead to severe side effects by
affecting MTs in normal, nonmitotic cardiovascular (Yeh et al.,
2004) and neurological tissues (Dumontet and Jordan, 2010;
Jordan and Wilson, 2004; Zhou and Giannakakou, 2005). Our
characterization of MT dynamics during differentiation of a single
cell lineage in vivo reveals several concepts that could aid
distinguishing the nature of MTs among proliferating, postmi-
totic, and differentiated cells and the characterization and selec-
tion of more selective anticancer MT-binding agents with less
deleterious effects on differentiated cells. Our assays for MT dy-
namics in vivo could be used for the development of such drugs,
as well as the cell biological characterization of other subcellular
events in tissue biogenesis, morphogenesis, differentiation, and
function.
EXPERIMENTAL PROCEDURES
Worm Culture
Worm strains N2 (Bristol), NK682, NK741, and MDX12 were maintained at
25C, and MDX20 was maintained at 20C using standard procedures (Bren-
ner, 1974). For in vivo imaging and feeding experiments, worms were synchro-
nized with alkaline bleach (1.2% NaOCl, 250 mM KOH in water; (Stiernagle,
2006). The time of postembryonic development after plating synchronized
starved L1 worms on feeding plates and growth at 25C was as follows:
imaging SM cells in L3, 25–27 hr; first SM division, 27.5–28 hr; imaging eight
undifferentiated SM cells, 38 hr after hatching; initiation of cell elongation,
42 hr; imaging UMC in adults, 48–55 hr.
Live Imaging of Intact Nematodes
L3 larvae or adult worms were anesthetized (see details in Supplemental
Experimental Procedures) and imaged with a real-time Swept Field ConfocalDeve(Nikon Canada and Prairie Technologies) using the 50 mm slit mode without
binning on a CoolSnap HQ2 camera (Photometrics). For Z series and volume
view, 603 or 1003/1.4 NA Plan-Apochromat objectives were used to acquire
confocal Z sections with 500 mm steps.
RNAi
Twenty to 30wormswere placed on a plate seeded with HT115 bacterial strain
containing the L4440 vector for IPTG-mediated induction of dsRNA expres-
sion as described elsewhere (Kamath et al., 2001). Individual bacterial clones
from the Arhinger library were kindly provided by Jean-Claude Labbe´ (Institute
for Research in Immunology and Cancer [IRIC], Universite´ de Montre´al), and
targets of all clones used in this study were confirmed by sequencing. For
L1 feeding, L1-stage synchronized worms were plated for at least 50 hr. Three
hermaphrodites were then transferred to a new feeding plate to count eggs laid
in 24 hr. For L4 feeding, L1-stage synchronized worms were grown on regular
nematode growth medium plates for 44 hr and on RNA feeding plates for 24 hr,
and then transferred in groups of three to a fresh feeding plate for the calcula-
tion of a 24 hr brood size.
Egg-Laying-Based Screen and Phenotype Scoring
Dev, Ste, and Pvl after L1 and L4 feeding and the number of eggs laid were
observed using a stereomicroscope (Nikon Canada; Table S2). Egl was scored
by counting the number of eggs laid per day and per worm.MDX12 and NK741
worms fed with control empty vector L4440 laid 58.9 ± 6.6 and 43.9 ± 3.4 eggs
per day, respectively. A significant decrease in egg laying was defined as less
than 0.75 times the number laid by control worms, i.e., <44.1 and <32.9 eggs
per worm per 24 hr for MDX12 and NK741, respectively. Results were plotted
and statistically analyzed using Prism 6 (GraphPad Software).
Pharmacological Stimulation of Egg Laying
Stimulation of egg laying was performed as described elsewhere (Desai and
Horvitz, 1989; Trent et al., 1983). Adult worms grown on RNAi feeding plates
were transferred singly to liquid culture in 100 ml of M9 solution (22 mM
KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl, and 1 mM MgSO4) in transparent
96-well plates and incubated 1 hr with 0.5 mg/ml (1.6 mM) imipramine or
3 mg/ml (14 mM) serotonin. Without any drug, worms do not lay eggs in liquid
culture. The number of eggs laid after drug stimulation was counted using a
stereoscope. Results were plotted and statistically analyzed using Prism 6
(GraphPad Software).
Image Processing and Analysis of MT Dynamics
Images, z stacks, and movies were processed in ImageJ software (32 bits;
National Institutes of Health). Kymographs were extracted using the ImageJ
plugin ‘‘Multiple kymograph’’ (http://www.embl.de/eamnet/html/kymograph.
html). The characterization of MT dynamics primarily refers to the measure-
ment of growth and shrinking rates, as well as the frequency of transition be-
tween events (Desai and Mitchison, 1997). The term ‘‘catastrophe’’ is defined
as the transition between polymerization and depolymerization, whereas
‘‘rescue’’ describes the reverse transition. We calculated dynamic parameters
by defining catastrophe frequency per unit time or per unit distance as the in-
verse of the average growth time or the average growth distance, respectively
(Desai and Mitchison, 1997; Komarova et al., 2002; Walker et al., 1988). Simi-
larly, rescue frequencies per unit time and per unit distance are the inverse of
the average shrinkage time and the average shrinkage distance, respectively.
Dynamics parameters were extracted from kymographs using ImageJ and
compiled in Excel (Microsoft). Scatterplots, histograms, and statistical ana-
lyses were generated and performed using Prism 6 (GraphPad Software).
Diamond graphs were created using custom MATLAB-based software
(MathWorks). Parameters were either individually or jointly normalized as fol-
lows. For joint normalization, rates and frequencies were each jointly normal-
ized since they are expressed with the same units. Jointly normalized diamond
graphs allow a visual emphasis on one parameter but have lower dynamic
range per parameter.
Statistical Analysis
All p values were determined using Prism 6 (GraphPad software) using
unpaired t tests, except for Figure 5B (ordinary one-way ANOVA). Since
dynamics parameters have different variances in SMs and UMCs, we usedlopmental Cell 29, 203–216, April 28, 2014 ª2014 Elsevier Inc. 213
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distributed populations with unequal SD.
Alteration of Differentiation by RNAi Feeding
To block differentiation but not expansion of the SM lineage, we depleted LIN-
12Notch starting from L2 so that the SM cells were born before RNAi. Depletion
initiated at the L1 stage eliminated GFP::tubulin expression in the SM lineage
(data not shown), likely due to a ventral-to-dorsal fate transformation of the M
lineage (Foehr and Liu, 2008).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, four tables, and five movies and can be found with this article
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